a Ultrafast transient absorption and terahertz spectroscopic studies have been performed on new [6, 6] methanofullerenes synthesized by the reaction of diazomethane (generated in situ from their hydrazone precursor) with fullerene[60] via our eco-friendly methodology, i.e., amine-assisted 1,3 dipolar cycloaddition (AACA). Synthesized materials have been characterized by different spectroscopic techniques for their structure establishment, including terahertz spectroscopy to study changes in spectra on functionalization. Attachment of different types of functional groups on exohedral chains resulted in band gap tuning. Photoinduced charge generation and charge separation studies have been performed to understand the charge carrier dynamics in a methanofullerene : P3HT mixture. Efficient charge separation efficiency is observed in both the acceptors on mixing with P3HT, making them potential acceptor materials in organic solar cells. High photoconductivity calculated by terahertz time domain spectroscopy of these new fullerene derivatives can also be exploited in other organic electronic devices.
Introduction
Fullerene [60] derivatives via exohedral functionalization offer potential applications in diverse areas. [1] [2] [3] [4] [5] [6] The development of different methods for the functionalization of the fullerene molecule is of great signicance as it opens up new routes for the functionalization of other carbon materials. For the functionalization of this magical ball, commonly used strategies are [2 + 1] , [2 + 2] , [3 + 2] , and [4 + 2] cycloadditions, nucleophilic addition reactions and radical reactions. [7] [8] [9] [10] [11] [12] Among all the reactions, cyclopropanation by 1,3 dipolar or carbene addition reactions have been exploited extensively for synthesis of various fullerene derivatives for solar cells applications.
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Phenyl[C61]butyric acid methyl ester (PC61BM) is one of the example synthesized by 1,3 dipolar cycloaddition of diazo compound and being extensively used in organic photovoltaics (OPV) with various donor materials. [17] [18] [19] Several fullerene derivatives have been synthesized to improve power conversion efficiency (PCE) by improving the open circuit voltage (V oc ) as the V oc of a bulk-heterojunction photovoltaic cell scales linearly with the decrease of the rst reduction potential of the acceptor.
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We have recently reported a cost effective and eco-friendly method of 1,3 dipolar cycloaddition reaction for the synthesis of most conventional electron acceptor material [6, 6] PC61BM in bulk heterojunction organic solar cells by in situ generation and cycloaddition of diazo compound in presence of mild base (amine assisted 1,3 dipolar cycloaddition (AACA)) in good yield and purity under aerobic condition. 16 Several other methods are also reported for catalytic cycloaddition reaction of in situ generated diazo compounds on fullerene. 21, 24 In the present study we have synthesized new methanofullerene derivatives having different substituents on exohedral chain for tuning of energy levels. The synthesized products have been characterized by FTIR, UV-vis, NMR and terahertz spectroscopy for their structure 22 and analyzed by cyclic voltammetry for their electrochemical behaviour and calculation of highest occupied molecular orbitals (HOMO)-lowest unoccupied molecular orbitals (LUMO) levels. For their future application as acceptors in organic solar cells it is very essential to study the photophysics and decay dynamics of charge transfer states generated on mixing with donor polymer. There are several limiting factors for solar cells performance and charge recombinations are one of them. 23 Transient absorption spectroscopy is an important tool to study the formation of transient species whether emissive or non-emissive on excitation with pump a CSIR-National Institute of Solar Energy, Organic and Hybrid Solar Cells Group, Physics of Energy Harvesting Division, CSIR-National Physical Laboratory, New Delhi-110012, India. E-mail: rachanak@nplindia.org; Fax: +91-11-4560-9310; Tel: +91-11-4560-8620 wavelength. 24, 25 Here we have performed a detailed discussion on generation and decay dynamics of charge transfer states in methanofullerene : P3HT mixtures and compared with PC61BM : P3HT mixture. Fluorescence decay kinetics has also been performed in blend solution by transient uorescence spectroscopy. Photoconductivity has been calculated from terahertz time domain spectroscopy data for both the products and compared with parent fullerene[60].
Results and discussion
In order to modify the intrinsic electron-acceptor property of pristine fullerene [60] for the optimized redox behaviour to be exploited in OPV, a great number of reactions are reported for its chemical modication along with modication in electronic properties. Very recently Martin and co-workers have reported the synthesis and characterization of dumbbell molecules where two fullerene molecules are connected to a central uorene bridge via two different types of connections, i.e., (i) substituted pyrrolidine (Py) and (ii) cyclopropane (Cp) group and calculated theoretically and experimentally the enhanced electronic communication through the cyclopropane group compared to pyrrolidine analogue which works as quasi-double bond. 26 Keeping this in mind we have synthesized new methanofullerene molecules (Fig. 1) where a double bond is working as a bridge to connect the cyclopropane ring on fullerene to the terminal moiety containing different functional groups. Product 1 contains phenyl ring pendant on the cyclopropane ring while in product 2 it is only a proton. Kim et al., have demonstrated the sensitivity of the LUMO energy level of the fullerene derivatives to the nature of addends with the carbazole functionalized fullerene where the reduction value of Py connected compounds showed huge anodic shi and in contrast to Cp connected compounds which show cathodic shi raising the LUMO energy.
27 So far the best approach for the cyclopropanation addition to fullerene[60] is through the 1,3 dipolar cycloaddition of diazo compound generated from their tosylhydrazone precursors in pyridine in presence of sodium methoxide under inert atmosphere.
14 In the present work, we have followed our more promising AACA approach for the cyclopropanation reaction which is more ecofriendly and occurs under aerobic conditions with excellent yield and purity. Enone 1a & 2a were converted into their respective tosylhydrazones (1b, 2b) ( Fig. 2B and C) by reaction with p-toluene sulfonyl hydrazide. Tosylhydrazones are the best precursors for the synthesis of diazo compound for cyclopropanation reaction with fullerene. Earlier it was suggested that all diazomethane addition forms p-homoaromatic [6, 6] open structures but revised later to a-homoaromatic [6, 6] hours. Reaction mixture was concentrated and subjected to column chromatography to collect the second band aer unreacted fullerene giving single spot in TLC. This is the kinetically favourable [5, 6] fulleroid (in 13 C NMR bridgehead carbon appears at 64 ppm). Reuxing this fulleroid in odichlorobenzene converts totally to methanofullerene 1 by thermal isomerisation (Fig. 3) . The structure of the fullerene adduct 1 has been conrmed by spectroscopic techniques. FTIR clearly shows the presence of C]C double bond (1634 cm À1 ), -OH group (3458 cm À1 ) and NO 2 group (1511 cm À1 ). 1 H NMR and 13 C NMR further conrm the formation and purity of [6, 6] methanofullerene (1) where the bridging carbon and bridgehead carbons appear at 64 and 89 ppm respectively in 13 C NMR. Vogel and co-workers 28 have explored in the study of p vs. s homoaromaticity for methanoannulenes through 13 C NMR chemical shis that the resonance of bridgehead carbon atom for closed s homoaromatic structure appear at high eld (40-60 ppm) whereas, for open p homoaromatics it shis to downeld into aromatic olenic region (ca. 110-120 ppm). Similar to above, tosylhydrazones 2b was prepared by reuxing 2a with p-toluene sulfonyl hydrazide in methanol. On cooling down the reaction mixture, the crystals of hydrazone separate out and washed with cooled methanol, dried and used for next step reaction with fullerene [60] . Similar to phenyldiazoenone reaction, aerobic reaction conditions were used for reaction in presence of triethyl amine base in cooled dichloromethane. Aer 3 hours, o-dichlorobenzene solution of fullerene[60] was added and temperature was raised to 80 C.
The progress of the reaction was monitored by TLC. The reaction completes faster compared to (1). Reaction mixture was evaporated in rota-vapor and put on silica gel column for purication. Product 2 was collected aer small amount of unreacted fullerene using toluene as eluent. NMR data completely supports the formation and high purity of monoadduct with [6, 6] methanofullerene geometry. Direct synthesis of [6, 6] adduct suggests that the reaction proceeds through carbene intermediate formation. A proposed mechanism for product 2 formation is given in Fig. 4 . As an evidence for the [6, 6] Fig . 5 shows the absorption spectra of products (1 & 2) and compared with fullerene[60] parent molecule and PC61BM in chloroform solution (25 mM). On functionalization, the absorption bands of parent fullerene at 382 nm completely disappears with appearance of clear peaks at 435 and 697 nm for product 1 and at 435 and 707 nm for product 2 conrming the [6, 6] addition on fullerene core akin to [6, 6] PC61BM.
14 Product 2 shows extended absorption than 1 and band gap from absorption onset has been calculated to be 1.73 and 1.68 eV for product 1 & 2 respectively. [6, 6] methanofullerene formation at $700 nm and product 2 clearly shows extended absorption compared to 1 in inset.
Thermal stability of the adducts has been compared by TGA analysis (Fig. 6 ). Both the products show good thermal stability up to 150 C. Product 1 shows only 5% weight loss up to 400 C.
On the other hand product 2 shows continuous weight loss but least total decomposition of only 35% up to 900 C compared to 86% for product 1.
Electrochemical properties of the products were investigated by cyclic-voltammetry (CV) to determine the oxidation-reduction potentials and HOMO-LUMO levels as shown in Fig. 7 . CV was performed in dry o-dichlorobenzene using 0.1 M supporting electrolyte (n-TBAPF 6 ). Three electrode system where, a platinum disc was used as working electrode, silver-wire and a platinum-wire as reference and counter electrode respectively. Ferrocene/ferricenium couple was an internal reference to calibrate the redox potentials. Both the products show two reversible reductions with half-cell potentials (E 1 ¼ 0.5[E p,c + E p,a ]) at À1.27, À1.80 V (product 1) and at À1.27, À1.85 V (product 2) for fullerene one and two electron reduction respectively. 14 LUMO energy level (Fig. 7) have been calculated from the onset reduction potential and was found to be $À3.6 eV for both the products similar to PC61BM.
14,31,32 Product 2 shows lower oxidation onset compared to product 1 (1.08 vs. 1.13 V) and therefore lower band gap as seen in absorption spectra.
Both the products and their mixture with polymer (P3HT) in equimolar ratio in chloroform solution were also characterized by photoluminescence (PL) measurements. In both the cases strong PL quenching of 584 nm emission peak was observed (Fig. 8A) on excitation with 530 nm wavelength. 33 Quenching efficiency was compared using the formula, properties ascertain their promising candidature as acceptor material in organic photovoltaics.
Time correlated single photon counting (TCSPC) was performed to calculate the life time of singlet excited state of P3HT in neat and on mixing with products 1 & 2 (Fig. 8B) . In the present work, photo-induced process have been studied in homogeneous solution to rule out the relatively fast charge recombinations in lms due to improper morphology and traps formation. P3HT emission at 584 nm, due to singlet excited state relaxation, shows monoexponential decay kinetics with a lifetime (s) of 0.85 ns via exciton-exciton annihilation.
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While Product 2 shows better charge transfer efficiency (85%) than product 1 (81%) calculated from eqn (2) . To further understand the charge transfer process between fullerene acceptor on mixing with donor polymer it is important to study the photophysics of excited states involved in charge transfer process forming charge separated states. 36 Charge separated states consist of coulombically bound electron-hole pairs primarily located on HOMO of donor and LUMO of acceptor respectively. Transient absorption studies have been performed to characterize the excited state dynamics in picoseconds time domain in P3HT : methanofullerene blends. In pump-probe measurement 530 nm excitation wavelength was used to selectively excite P3HT. Neat P3HT solution was used as reference for determining charge-transfer mechanism in blends. The transient absorption spectrum of P3HT below 2 ps shows photobleaching due to ground state absorption and emissions (Fig. 9) . Transient absorption appears aer 50 ps between 750-800 nm which is ascribed to charge separated state of polymer cation and anion undergoing relaxation within 0.5 ns.
The transient absorption spectra of P3HT mixture with product 1 & 2 (equimolar) show similar pattern and representative spectra of product 1 is shown in Fig. 10A using excitation wavelength of 530 nm for P3HT excitation. Similar to neat P3HT, mixtures also show photo-bleaching at 650, 670 and 690 nm for ground state absorption and emission bleaching at 730 nm. Strong transient absorption appears between 700 and 770 nm aer 50 ps for P3HT cation radical formation. Simultaneously, aer 50 ps a transient absorption appears at $1050 nm for fullerene anion radical formation (Fig. 10B ).
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The decay kinetics of transient species (P3HT cation radical) is best tted with biexponential tting with a short lived species of 0.2 ns and long live species of $2 ns. The short lived component can be best ascribed to be P3HT singlet excited state which undergoes geminate intermolecular charge recombination (corroborating with PL decay kinetics) and long lived component to be charge separated state and product 2 in fact shows much less geminate recombination component (<10%) which may be due to better compatibility with P3HT and presence of electron donating groups in exohedral chain.
Materials have also been characterized by terahertz spectroscopy and further used for calculation of photoconductivity in terahertz range. Development of terahertz technology has now made it feasible to understand the charge carrier behaviour in variety of carbon materials. [38] [39] [40] Terahertz (THz) spectroscopy covers the far infrared part of the electromagnetic radiation and in the present work, study has been performed in the range of 0-3 THz corresponding to 0-12.4 meV in equimolar concentration of products and parent fullerene in toluene solution (Fig. 11) . 41 The reference toluene shows clear window from 0-2.17 THz and a few peaks up to 3 THz.
Terahertz radiations are sensitive to the vibrational states of the compound. As can be seen in Fig. 11, product 1 & 2 both show completely different spectral prole compared to parent fullerene (C 60 ) where more intense absorption peaks can be seen in between 1.5-2.5 THz in the products (Table 1) however, a relationship between peaks and molecular structure is still to be established. There are several modes of vibration of fullerene compounds which are unidentied by other spectroscopic techniques (like FTIR, Raman etc.) but can be probed by THz. We observed increased intensity peaks at 1.108, 1.668, 1.920 and 2.26 THz while a new strong peak appears at 2.037 THz in products compared to parent fullerene. This can be attributed to new bond formation over fullerene ball and change of 60p electron system to 58p electron system. Inset of Fig. 11 shows the terahertz time pulse signal where, product 1 shows equal amplitude to the fullerene and $36% intensity reduction in product 2. Table 1 shows the terahertz spectral nger print spectra for fullerene[60], product 1 & 2.
Lastly we studied the photoconductivity (s) of product 1 & 2 and compared with fullerene [60] in toluene solution by time domain terahertz spectroscopy using following eqn (3) 42,43
where, n is the refractive index of the solution (¼1.496 for toluene); Z o is impedance of free space (¼377 U) and DT/T is change in transmittance. It can be clearly seen in Fig. 12 , photoconductivity is enhanced on increasing incident frequency and both products 1 & 2 show highest photoconductivity between 0.5-1 THz in contrast to PC61BM which is reported to show negligible photoconductivity in terahertz region. 44, 45 Huge enhancement in conductivity is observed on conversion of parent fullerene to product 1 & 2. Product 2 further shows better photoconductivity than product 1 indicating enhanced generation of mobile charge carrier on photoexcitation.
Conclusions
In conclusion we have synthesized new methanofullerene derivatives with different exohedral groups for their charge transfer studies in blend with P3HT donor polymer. The importance of the work lies in the methodology for 1,3 dipolar cycloaddition reaction of fullerene which is very eco-friendly as the hazardous materials are totally avoided and the photophysical properties of these materials as acceptor with P3HT donor polymer. The structure of the products has been completely characterized by spectroscopic techniques including terahertz spectroscopy. Transient uorescence and absorption spectroscopy clearly shows the efficient charge separation and formation of long lived charge separated states in both the products with high photoconductivities making them potential candidates for organic electronics.
Experimental section

Materials and characterization
All chemicals and reagents were purchased from Sigma-Aldrich and used without further purication. Solvents were puried by distillation before use. Poly(3-hexyl)thiophene was also purchased from Sigma-Aldrich. All the products were characterized by Fourier transform infrared spectroscopy (FTIR) using KBr pallets on Perkin Elmer FTIR Spectrum 2. FTIR spectra were collected over a range from 3500 to 500 cm À1 . A background in air was done before scanning the samples. For terahertz time domain spectroscopy, two identical < 110 > cut ZnTe crystals of thickness 0.2 mm were used for THz radiation generation and detection. Ultra short pulses of duration 50 fs, wavelength 800 nm at the repetition rate 1 kHz coming out of a Kerr-lens mode locked Ti:Sapphire laser amplier (Coherent Libra) were used. By optical rectication method single cycle THz pulse has been generated and detected by electro-optic sampling. A mechanical chopper has been used to increase signal to noise ratio. The generated THz radiation rst collimated and then focused by two parabolic mirrors. The focus position of the THz is the position where the sample under investigation is to be placed for spectroscopy. Aer focusing, the THz beam is again collimated and focused on the detection crystal by another two parabolic mirrors. A motorized delay stage was used to introduce delay between the THz pulse and the optical probe pulse. UV-vis spectroscopy measurement was performed on a Shimadzu UV-vis spectrophotometer (UV-1800) using 1 mg/3 mL solution in chloroform. 1 H and 13 C NMR spectra were recorded on Jeol 400 MHz spectrometer in CDCl 3 using tetramethylsilane as internal standard. Molecular weights of the products were conrmed from MALDI-TOF-TOF mass spectrometry on AB SCIEX using a-cyano 4-hydroxy cinnamic acid matrix. Thermal gravimetric analysis (TGA) was run under nitrogen ow of 20 mL min À1 using Perkin Elmer (Pyris 1) TGA instrument and mass loss was recorded as a function of temperature. The samples were heated from room temperature to 950 C at a ramp rate of 10 C min À1 . Cyclic voltammetry measurements were performed using a three electrode standard conguration with a platinum wire as counter electrode and Ag wire as reference electrode and Pt-disc as working electrode in a 0.1 M TBAPF 6 (tetra-n-butylammoniumhexauorophosphate) in odichlorobenzene solution as electrolyte at 20 mV s À1 scan rate.
Current vs. voltage was measured on an Autolab potentiostat. Emission uorescence measurements were performed on Varian (CARY eclipse) Fluorescence Spectrophotometer in chloroform solution using 530 nm excitation wavelength. Horiba JobinYvon (Fluorohub) time correlated single photon counting system (TCSPC) was used to record time resolved uorescence.
To perform ultrafast optical pump-probe spectroscopy a train of optical pulse from a Ti:Sapphire laser amplier (35 fs, 4 mJ per pulse, 1 kHz, 800 nm) was splitted into two beams with a beam splitter. One with high intensity was used as a pump and an optical parametric amplier (TOPAS, Light Conversion) was employed to vary the wavelength of this pump beam from 190 nm to 2600 nm. The other beam with weak intensity was propagated through a CaF 2 crystal to generate white light continuum (WLC) covering the whole spectrum of visible light to be used as a probe beam. The probe beam was optically delayed with respect to pump beam using a computercontrolled delay stage. The intrinsic temporal resolution of delay stage is 7 fs. Here we have performed ultrafast pumpprobe spectroscopy using 530 nm as a pump beam at normal incidence and the changes in absorption was detected by using a gated CMOS detector. The time resolved study was performed using HELIOS (Ultrafast systems) spectrometer.
Synthesis
4.2.1. General method of synthesis of chalcone (1a). Acetophenone (2 mM, 240 mg) and 2-hydroxy 5-nitro benzaldehyde (2 mM, 334 mg) were dissolved in 100 mL ethanol. To this 40% NaOH solution (10 mL) was added with stirring at room temperature. Progress of reaction was monitored by TLC. Finally reaction mixture was acidied with dilute HCl. Solid was ltered and washed several times with water and dried. Puried by column chromatography using ethyl acetate : n-hexane 
